Abstract: Squalene epoxidase catalyzes the formation of 2,3-oxidosqualene from squalene and in plants is the last enzyme common to all biosynthetic pathways leading to an array of triterpene derivatives like phytosterols, brassinosteroid phytohormones or saponins. In this work, we present a squalene epoxidase gene (NSSQE1) from the triterpene saponin producing plant Nigella sativa. The gene product showed a high degree of homology to functional squalene epoxidases (SQEs) from Arabidopsis thaliana and was able to complement SQE deficient yeast that harboured a knockout mutation in the underlying erg1 gene. Moreover, the expression of the NSSQE1 gene in ERG1 wild type yeast revealed that NSSQE1 conferred resistance towards terbinafine, an inhibitor of fungal SQEs. The latter suggested that a terbinafine-dependent NSSQE1 selection marker system can be developed for yeast. The gene NSSQE1 was ubiquitously expressed in all plant tissues analysed, including roots where no triterpene saponins are produced. Therefore, we argue that NSSQE1 is a housekeeping gene for triterpene metabolism in Nigella sativa. Similar to triterpene saponins, NSSQE1 was up-regulated by methyl jasmonate in leaves and should also be functionally involved in saponin biosynthesis in Nigella sativa.
Introduction
Nigella sativa (L., black cumin or black seed) is a medicinal plant of the Arabic folk medicine and is cultivated in the Middle East for seed and native oil production. Multiple beneficial effects for human health, such as anti-allergic and anti-inflammatory activities are documented for the seed extract [1, 2] . Among other health promoting ingredients, the monodesmosidic triterpene saponins α-hederin and kalopanaxsaponin I ( Figure 1 ) were identified as anti-tumor compounds in Nigella [3, 4] . We were interested in deciphering the pathway of triterpene saponin biosynthesis in this plant and demonstrated that the levels of kalopanaxsaponin I in leaves of N. sativa can be raised up to nearly 10% of dry matter by the treatment with the phytohormone methyl jasmonate. Furthermore, we identified one key gene of triterpene saponin biosynthesis in Nigella, Nigella sativa β-amyrin synthase1 (Nsβas1) inducible by methyl jasmonate [5] .
Triterpene biosynthesis (Figure 1 ) initially occurs via the cytoplasmatic mevalonic acid (MVA) pathway of isopentenylpyrophosphate (IPP) biosynthesis from three molecules of acetylCoA [6] . Though in plastids, IPP can also be provided from pyruvate and phosphoglyceraldehyde via the methylerythryto lphosphate (MEP) pathway [7] . Two molecules of IPP and its isomer dimethylallylpyrophosphate (DMAPP) thereafter form farnesylpyrophosphate (FPP) by the action of farnesylpyrophosphate synthase (FPS). FPP is the substrate for squalene synthase (SQS) that fuses two molecules of FPP by a head to head condensation followed by NADPH-dependent reduction. Thereafter, squalene is epoxidized to 2,3-oxidosqualene by squalene epoxidase (SQE) and subsequently plant oxidosqualene cyclases (OSCs) like β-amyrin-, lupeol-and cycloartenolsynthases form molecules with 1-5 rings [8] finally giving rise to over 100 known triterpene derivatives including saponins, phytosterols, brassinosteroids and cuticular waxes [9] .
Squalene synthase is the first enzyme in the pathway of triterpene biosynthesis. Recently, it was shown that only one SQS out of two similar gene products encoded in Arabidopsis thaliana catalyzed squalene formation in recombinant yeast [10] . Furthermore, six SQEs of Arabidopsis were analysed for their potential to catalyze the second step of triterpenoid biosynthesis. While for three of them (ATSQE4, ATSQE5, ATSQE6) no product was identified in recombinant yeast, only one (ATSQE2) exclusively formed 2,3-oxidosqualene. The other two (ATSQE1 and ATSQE3) produced 2,3-oxidosqualene and 2,3:22,23-dioxido squalene. Therefore, unidentified compounds might still exist in plants that are derived from plant SQEs and SQE-like (ATSQE4, ATSQE5, ATSQE6) enzymes. These data also implied that the radiation of the plant triterpene molecules might not begin on the level of OSCs but on the earlier level of SQEs [11] .
We were interested in isolating sqe genes from Nigella sativa in order to further describe the biosynthetic pathway leading to triterpene saponins and here we report the isolation of NSSQE1 (Nigella sativa sqe1) based on homologous sequences available in databases. We demonstrate that NSSQE1 can complement a yeast erg1 mutation and therefore must synthesize 2,3-oxidosqualene. In addition, we observed that the expression of NSSQE1 in the background of ERG1 wild type yeast mediated resistance towards terbinafine, an inhibitor of fungal SQEs. Furthermore, we show that NSSQE1 is expressed ubiquitously and up-regulated in aerial organs in response to methyl jasmonate. Based on these features of gene expression in Nigella sativa, we attribute a housekeeping function to NSSQE1 in triterpene biosynthesis and a participation in triterpene saponin biosynthesis.
Experimental Procedures

Isolation of NSSQE1 and plant gene expression analyses
For the isolation of NSSQE1 total RNA was prepared from 3 weeks old Nigella sativa seedlings with a plant Mini RNA Kit (Macherey-Nagel, Düren, Germany). First strand cDNA was prepared using the oligo_dT-primer GAC TCG TGT GGA CAT CGA TTT TTT TTT TTT TTT TT and Superscript II reverse transcriptase (Invitrogen, Karlsruhe, Germany) according to the manufacturers´ instructions. The PCR of the 3´-RACE experiment was carried out with the adapter primer GAC TCG TGT GGA CAT CGA and the degenerate primer SQEdeg (GAY GCN TTY AAY ATG AGR CAY CC). DNA fragments obtained by PCR were subcloned into the vector pCR ® II-Topo ® (Invitrogen, Karlsruhe, Germany) and sequenced using established protocols for dye-terminator sequencing and analysed with an ABI PRISM 3730 DNA Analyzer at the FhG IME sequencing facility. A DNA fragment of ~800 bp resulting from the 3´-RACE experiment encoded an ORF that displayed substantial homology to the SQEs in BLAST searches at NCBI. The underlying gene of this clone was designated NSSQE1. The 5´-sequence of NSSQE1 was established from clones in pCR ® II-Topo ® that were PCR amplified with the NSSQE1-specific 3´-primer NSSQE1_NotI_stop (AAA AGC GGC CGC TCA CTT CAC AGG AGC AGC TCT G) located at the stop codon of NSSQE1 and a λ TripleEx2 forward primer (CAA GCT CCG AGA TCT GGA CGA GC). The PCR template was a cDNA library of Nigella sativa in λ TripleEx2 described previously [5] . The accession number of the cDNA sequence of NSSQE1 at GenBank is FJ232947. The primers used for RT-PCR expression analyses of NSSQE1 in Nigella were NSSQE1fw1 (CTG GTG GAG GGA TGA CAG TAG CC) and NSSQE1_NotI_stop. RNA extraction and RT-PCRs with 1 µg of total RNA were carried out as described above. Sixteen sequences of RT-PCR products derived from this primer combination were established and confirmed that the RT-PCR amplicons given in figure 5 correspond exclusively to NSSQE1. Quantification of RT-PCR products was done with ImageJ (http://rsbweb.nih.gov/ij/). The cultivation of Nigella sativa in hydroponics and the elicitation with 100 µM methyl jasmonate was described previously. Moreover, the primers for the amplification of the GAPDH gene of Nigella sativa for the standardization of the RT-PCR experiments were given there [5] . Transmembrane helices within the NSSQE1 sequence were identified using the SOSUI software (http://bp.nuap. nagoya-u.ac.jp/sosui/).
Expression of NSSQE1 in yeasts
The coding sequence of NSSQE1 was PCRamplified using primers NSSQE1_NotI_stop and NSSQE1_BamHI_start (AAA AGG ATC CAA TGA TGG AAT ACG TTT ATG GAG TTG). The resulting PCR product was cut by BamHI and NotI and cloned into the BglII and NotI restriction sites in 5´-to 3´-orientation under the control of the alcoholdehydrogenase1 (adh1) promoter of pADNX, a derivative of pADNS. Selection of the vector was possible by leucin prototrophy of transformed yeast colonies [12] . The sequence of the resulting clone pNSSQE1 was assured and transformation of pNSSQE1 into the following yeast strains was done by the lithium acetate/PEG-method [13] . The yeast strains used were the erg1 knock out strain KLN1 [14] and the ERG1 wild type strain Y187 (Invitrogen, Karlsruhe, Germany). The KLN1 and KLN1pERG1 (KLN1 derivative that harboured a leucinselectable expression plasmid for ERG1) were kindly provided by Friederike Turnowsky (University of Graz, Austria). For maintenance and prior to transformation, KLN1 was grown under anaerobiosis on YPD media supplemented with 12 µg/ml ergosterol and 0.5% Tween80. Yeast transformants of pNSSQE1 were selected on SD-leucin media and comparably grown under aerobiosis on YPD in the absence of ergosterol and at various concentrations of terbinafine. Yeast droptest experiments with terbinafine were performed as follows: Single colonies were grown in selective media (SD-leucin) for 2 days and the OD 600 was adjusted to 1. Drops out of this solution and dilutions thereof (10 -1 , 10
-2 and 10 -3 ) were plated on SD -leucin media with various concentrations of terbinafine. The plates were incubated at 30°C for three days. The SQE-inhibitor terbinafine was obtained from Jolanda Herzig and Anna-Maria Suter, Novartis Pharma AG, Basel, Switzerland. The stock solutions of terbinafine were in 300 mM DMSO.
Results and Discussion
Isolation of NSSQE1 with homologies to functional SQEs
Based on the conserved FAD-binding domains [15] in multiple sequence alignments of SQEs from Arabidopsis, a degenerate primer (SQEdeg) was designed ( Figure 2 ) and used in a 3´-RACE experiment with mRNA from Nigella sativa. In this way, a first clone that covered the 3´-Region of NSSQE1 and the putative stop codon of the gene was isolated. Subsequently, the 5´-region of the NSSQE1 including the putative start codon was isolated by PCR from a Nigella cDNA library. The full length coding region of the gene covered 1566 bp and its deduced amino acid sequence of 521 amino acids was compared to the six sequences of SQEs (ATSQE1, ATSQE2 and ATSQE3) and SQE-like enzymes (ATSQE4, ATSQE5 and ATSQE6) encoded within the genome of Arabidopsis thaliana. This comparison is depicted in Figure 2 . The pairwise sequence comparisons revealed that the peptide NSSQE1 shared the highest similarities with ATSQE1, ATSQE3 and ATSQE2 (92%, 91% and 86%, respectively) and was less similar to the SQE-like peptides ATSQE6, ATSQE5 and ATSQE4 (69%, 68% and 67%, respectively). Based on these observations, it appeared likely that the NSSQE1 gene encoded a functional squalene epoxidase since ATSQE1, 2 and 3 produced 2,3-oxidosqualene while no enzymatic product was reported for ATSQE4, 5 and 6 [11] . The overall similarities between NSSQE1 and the depicted SQEs from Arabidopsis were high and the conservation of the amino acid residues within the FAD binding domains was nearly complete. Moreover, we analyzed the sequence of NSSQE1 for putative transmembrane domains since the enzyme, like the SQS [10] , is expected to be located at the endoplasmatic reticulum. In fact, two transmembrane helices were predicted at the amino-terminus (see red overlines in Figure 2 ) allowing a loop of the peptide within the lumen of a potential membrane structure such as the ER. However, the secondary helix of this transmembrane domain co-maps with the first FAD binding domain and therefore most probably represents an in silico artefact. Whether the primary helix identified at the start of the NSSQE1 is able to target the protein to a membrane of a cellular compartment remains to be elucidated in future experiments. 
NSSQE1 in yeasts: Complementation of erg1 and resistance to terbinafine
Since the sequence of NSSQE1 predicted a functional SQE, the coding region of the gene was cloned into the plasmid pADNX for constitutive expression in yeasts. The expression of NSSQE1 was realized from the plasmid pNSSQE1 in the erg1 insertion mutant KLN1. In wild type yeast ERG1 encodes the SQE and for growth KLN1 requires supplementation of media with ergosterol and Tween80 in parallel to an anaerobic environment that facilitates ergosterol uptake [14] . The transformation of KLN1 with pNSSQE1 resulted in yeast clones that were able to grow in the absence of ergosterol and under aerobiosis (Figure 3) . Therefore, the gene product of NSSQE1 was able to complement the erg1 mutation of KLN1 and encoded a functional SQE. The functional characterization of gene products by complementation assays in yeast has a long tradition, but complementation assays with plant sqe genes up to now have only been reported for two sqe genes from Medicago truncatula [16] and for sqe1, sqe2 and sqe3 from Arabidopsis thaliana [11] . With respect to the high degree of similarity between NSSQE1 and ATSQE1, ATSQE2 and ATSEQE3 proteins, the prediction of a functional NSSQE1 gene was already highly probable. Moreover, the functional complementation assay of NSSQE1 in the yeast KLN1 confirmed this in silico prediction.
Subsequently, pNSSQE1 and an empty vector control (pADNX) were transformed into the ERG1 wild type strain Y187 and a yeast drop-test was performed with increasing concentrations of terbinafine, an inhibitor of fungal SQEs [17] . At 5 µM terbinafine, the control clones (empty vectors a, b in Figure 4) showed already slightly reduced growth while the pNSSQE1 transformants grew as if no terbinafine was present. At 25 µM terbinafine, growth of the control clones was strongly inhibited while the pNSSQE1 transformants grew normally. At 250 µM terbinafine, no growth was detected for the control clones while the growth of the pNSSQE1 transformants was a bit less pronounced compared to the lower concentrations of terbinafine applied. Terbinafine is a non-competitive inhibitor of ERG1 and so far no other fungal SQE enzymes and yeast mutants of ERG1 were identified that confer increased tolerance towards terbinafine [17] . Our yeast drop-test assay revealed that the NSSQE1 protein expressed in yeast could mediate strong resistance towards terbinafine. In a following work, we will try to developed this into a marker system for the terbinafine selection of yeast vectors containing an NSSQE1 expression cassette. Such a new vector system is of interest to the yeast scientific community as communicated with Steve Oliver, the editor of Yeast.
Expression of NSSQE1 in Nigella sativa
In a previous study we found that the monodesmosidic triterpene saponins of Nigella sativa are only produced in aerial organs but not in roots. Moreover, the triterpene saponin specific key gene Nsβas1 (Nigella sativa β-amyrin synthase1) was expressed only in tissues that contained saponins [5] . Therefore, we wanted to know in which tissues NSSQE1 was expressed. We were able to identify expression of NSSQE1 not only in whole seedlings, capsules, flowers and leaves but also in roots (Figure 5a ) where no saponins are biosynthesized. The weakest expression of NSSQE1 in comparison to other tissues was detectable in leaves, but upon stimulation with methyl jasmonate the gene was induced approximately up to 2.5-fold in aerial organs (Figure 5b ).
The ubiquitous expression of NSSQE1 suggests a general role of the gene in all pathways leading to diverse plant triterpenes. In this sense, NSSQE1 functions as a housekeeping gene for triterpenoid metabolism. In addition, up-regulation of NSSQE1 in aerial organs was triggered by methyl jasmonate. Triterpene saponins and the saponin biosynthetic key gene Nsβas1 were found to be induced by methyl jasmonate in a similar way [5] . Therefore, we assume that NSSQE1 not only has a housekeeping function but also contributes substantially to the biosynthesis of saponins in Nigella sativa. 
